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Abstract—The corrosion resistance of Mg–Al–Zn magnesium alloy with coarse-grained and ultrafine-
grained structures before and after the treatment of the surface of the alloy with pulsed nanosecond laser
irradiation is studied. It is found that this treatment significantly increases the resistance of the alloy to its
dissolution in a 0.9% NaCl saline only under the condition of preliminary formation of a uniform ultraf-
ine-grained structure in the bulk of the sample. The observed effect can be considered as a promising method
for the treatment of the surface of medical devices made of biodegradable magnesium alloys.
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INTRODUCTION
In the last decade, magnesium and its alloys have
been actively studied for the purpose of their applica-
tion in medicine. The combination of its useful prop-
erties such as low density (1.74 g/cm3, which is close to
the bone density), high strength-to-weight ratio, and
capacity of magnesium for complete dissolution in the
body with no harm to the health of the human body
makes it possible to use magnesium alloys as a base for
the fabrication of medical biodegradable implants [1–3].
The main disadvantage of magnesium as a material
for the fabrication of implants soluble in the body is its
low strength and poor capacity of the alloys based on
it for strengthening without critical loss of its plasticity,
which does not allow subjecting products based on
magnesium alloys to severe deformation operations
such as molding, bending, and shrinkage. Here, the
most widely used method for increasing the strength of
magnesium is its alloying and thermal treatment.
However, it is very challenging to achieve the required
gain in strength by means of alloying without a
decrease in the important properties such as corrosion
resistance and plasticity [4, 5]. Because of this,
implants lose their performance characteristics before
the expiration of their required service life. The appli-
cation of the various modes of thermal treatment of
magnesium alloys which have been developed so far
somewhat increases the corrosion resistance of the
material of an implant but substantially decreases its
strength characteristics [4]. Therefore, no significant
progress in the formation of the optimum balance
between the mechanical and corrosion properties of
magnesium alloys has been achieved thus far despite
individual successful attempts to use some versions of
doped alloys based on magnesium which are applied
in medical practice [6–10].
It is also known that the processes of corrosion of
magnesium alloys are affected by the structural phase
state of both their near-surface layers (which is associ-
ated with the precipitation of the particles of second-
ary phases that promote the development of galvanic
corrosion in the first place) and inner bulk of the
material (the grain size and uniformity of the structure
affect the uniformity of the passivating film being
formed, which can be prematurely destroyed because
of the appearance of surface tensions) [11]. Therefore,
it is necessary to search for new ways of increasing the
corrosion resistance of magnesium implants during547
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mation of the optimum parameters of the structural
phase state not only in the bulk of magnesium alloys
but also on their surface.
A promising method for improving the physico-
chemical properties of medical titanium, magnesium,
and other alloys is thermomechanical treatment that
includes helical and f lat-and-edge rolling of three-
dimensional blanks for the purpose of formation of a
uniform grain–subgrain structure with the uniform
distribution of the phase inclusions (if any) through-
out the entire bulk of the material [12, 13] and surface
treatment. The combination of these two methods of
action on the structural phase composition of a mate-
rial makes it possible to change the properties of the
material not only in its bulk but also in the near-sur-
face layer (including the topography of the surface).
The resistance of an alloy to dissolution in an aggres-
sive environment can be increased using such a com-
bined treatment, which in turn should provide the
preservation of the performance characteristics of the
material of an implant under the conditions of action
of the internal environment of the human body.
As for the methods of thermomechanical treat-
ment, it was experimentally shown earlier that the for-
mation of a high-strength ultrafine-grained state with
a uniform structure can be achieved in a magnesium
alloy of the Mg–Al–Zn system by means of lengthwise
flat-and-edge rolling [12]. However, the formation of
such structures in doped magnesium alloys is accom-
panied by the ample precipitation of the secondary
phase in the form of intermetallic particles, which pro-
motes the development of galvanic corrosion owing to
the formation of galvanic pairs between the grains of
the matrix and particles of the β phase of MgxAly and
leads to a decrease in the corrosion resistance of the
alloy. It is possible to get rid of these precipitates by
means of the action of pulsed laser radiation on the
magnesium alloy. In this case, only the structure and
phase composition of the near-surface layer of the
alloy under treatment should be changed, and the state
of the material in the bulk remains intact [14–18].
The aim of this work is the investigation of the
influence of pulsed nanosecond laser treatment on the
corrosion properties of the surface of a magnesium
alloy in different structural states upon long-term
exposures of the alloy in a solution mimicking the
physiological environment.
EXPERIMENTAL
A wrought magnesium alloy of the MA5 brand
((7.8–9.2)Al, (0.15–0.5)Mn, (0.2–0.8)Zn, GOST
(State Standard) 14957) in the coarse-grained (CG)
recrystallized and ultrafine-grained (UFG) states was
chosen for the studies. The UFG state was formed by
the technology of thermomechanical treatment using
flat-and-edge rolling at an elevated temperature [19].INORGANIC MATEThe average mode grain size in the UFG samples was
1 μm. The recrystallized state was obtained by anneal-
ing the samples of the magnesium alloy in the UFG
state in air at 350°C for 2.5 h. The average grain size
after the annealing was 10 μm.
The surface of the magnesium alloys was modified
with pulsed nanosecond laser irradiation (NLI) with
the use of an ytterbium fiber laser with the wavelength
of 1.06 μm and pulse duration of 100 ns [20].
To determine the corrosion resistance, the samples
were immersed in a 0.9% solution of sodium chloride
and exposed in it for 25 days at 37°C. Upon the expiry
of different time periods, the samples were rinsed in
distilled water, dried in air, and weighed. After this, the
samples were again immersed in the solution until the
next removal. The dependences of the relative change in
the weight of the samples at each immersion interval on
the time of action of the corrosive environment were con-
structed on the basis of the results of weighing.
The structure was studied using Quanta 600 FEG
and Quanta NOVA NanoSEM 450 scanning electron
microscopes with field electron emission and a scan-
ning transmission microscopy (STEM) detector.
RESULTS AND DISCUSSION
MA5 magnesium alloy with a pronounced two-
phase structure based on a matrix and precipitations of
the β phase of Mg17Al12 is one of the least resistant to
galvanic corrosion in its group of alloys [21]. The for-
mation of large precipitations of the intermetallic of
the β phase leads to the premature destruction of the
protective oxide film being formed on the surface of
the alloy [22], which makes the formation of the UFG
state with a uniform grain size and distribution of
finely disperse precipitations of the β phase through-
out the bulk the most preferable for the further treat-
ment of the alloy by laser radiation.
The structure of the alloy in the initial state consists
of large grains of the matrix with nonuniform precipi-
tations of the particles of the β-phase intermetallic
with a round or lamellar shape predominantly located
on the grain boundaries (Fig. 1a). As a result of the
treatment of a CG magnesium alloy at elevated tem-
peratures [19], an equilibrium UFG structure with an
average mode grain size of the alpha-matrix of 1 μm and
uniformly distributed precipitations of the intermetallic
particles with the size close to that of the grains apart
from rare relatively large (no more than 5 μm) particles is
formed in it (Fig. 1b). After the thermomechanical
treatment, the particles of the β phase hardly accumu-
late along the grain boundaries, and they can be
divided to two groups, namely, microprecipitations of
the β phase with a size of 1 to 2.5 μm and nanoprecip-
itations of the β phase with a size of ~100 nm (Fig. 1c).
A developed relief with a nonperiodic structure
that consists of individual globular buildups with a size
of 10 to 30 μm is formed on the surface of the magne-RIALS: APPLIED RESEARCH  Vol. 11  No. 3  2020
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Fig. 1. Structure of MA5 magnesium alloy: (a) CG state
(SEM); (b) UFG state, overview (SEM); (c) UFG state,
detailed image; the inset shows a magnified region of the














Fig. 2. SEM image of the surface of MA5 magnesium alloy










O−14%sium alloy under the action of laser radiation (Figs. 2a,
2b). Such a relief does not depend on the initial struc-
ture of the support of the sample. It should also be
noted that visible precipitations of intermetallic parti-
cles are absent on the surface of the alloy, which is
most likely associated with the disintegration of the β
phase in the process of treatment of the magnesium
alloy by laser radiation. The probable reason for their
absence is the short time of action of laser radiation on
the near-surface layer, as a result of which the inter-INORGANIC MATERIALS: APPLIED RESEARCH  Vol.metallic particles have no time to repeatedly precipi-
tate. Here, as was shown by energy dispersive analysis,
there were regions with increased and decreased con-
centrations of aluminum in the CG sample (Fig. 2a,
indicated by arrows), which may be associated with
the presence of large particles of the β phase in this
sample and their nonuniform distribution in the
matrix. Therefore, NLI promotes the formation of a
modified near-surface layer free from the precipita-
tions of the secondary phase, while uniform distribu-
tion of aluminum which prevents the development of
galvanic corrosions is also observed in the case of irra-
diation of a sample with the UFG structure.
The studies of the dissolution of a magnesium alloy
with the CG and UFG structures in a solution of 0.9%
NaCl as a result of corrosion made it possible to find
the following (Fig. 3). Active dissolution of the alloy is
observed at the initial stages of exposure in the corro-
sive environment for a sample with the UFG structure
owing to the presence of particles of the secondary
phase of the intermetallic MgxAly formed as a result of
the thermomechanical treatment on the surface. The
rate of corrosion decreases after 3 days of exposure in
the corrosive environment and reaches the minimum
value after 15 days of exposure owing to the formation




Fig. 3. Dependence of the relative decline in the weight of
the samples of MA5 alloy in the (1) CG and (2) UFG









Fig. 4. Dependence of the relative change in the weight of
the samples of MA5 alloy in the (1) CG and (2) UFG











Fig. 5. Surface of MA5 magnesium alloy in the UFG state
after corrosion for 25 days: (1) the region without NLI and
(2) the region after NLI. The inset shows the results of the










alloy. It should be noted that a high rate of dissolution
is observed at the initial stage of corrosion of a sample
with the UFG structure, which leads to the loss of a
significant weight of the sample (of about 11% of the
weight during the first day), and, therefore, the shape
of the sample can significantly change. Here, the high
rate of corrosion can lead to the release of hydrogen in
the form of bubbles, which is extremely dangerous for
a living body [5]. This makes the execution of the sur-
face modification of an alloy with the UFG structure
an essential operation.
Continuous growth in the decline in the weight as a
result of corrosion is observed in the coarse-grained
sample (Fig. 3) at each time interval of the exposure of
the alloy in the corrosive environment. Taking into
account the fact that magnesium alloys possess low
mechanical properties in the CG state, it can be con-
cluded that their use as a material for the fabrication of
medical devices is unreasonable even after NLI [23].
Corrosion tests of the irradiated samples in a 0.9%
solution of NaCl (Fig. 4) showed that, despite the sim-
ilarity of the parameters of the modified near-surface
layer formed during NLI for the samples in the CG
and UFG states, their corrosion resistance signifi-
cantly differed. Thus, a sample with the UFG struc-
ture has no interval of fast dissolution which was
observed in the unirradiated state at the initial stages of
exposure, but a relatively higher level of corrosion
resistance in comparison with the alloy with the CG
structure is retained for the entire duration of the tests.
A laser-irradiated region (denoted by numeral 2)
and a region without laser action (denoted by numeral 1)
are clearly seen in the image of the surface of the magne-
sium alloy with the UFG structure subjected to corrosive
action for 25 days (Fig. 5). The destruction of the surface
of the alloy occurs and cracks and zones of corrosion dis-
solution significant in area are formed in region 1 as a
result of corrosion. Region 2 has no such damage, and its
relief is similar to that shown in Fig. 2. Here, the concen-
tration of oxygen reaches 20% (inset in Fig. 5).
CONCLUSIONS
The treatment of the surface of the samples of MA5
magnesium alloy with pulsed nanosecond laser radia-
tion makes it possible to form a modified near-surface
layer free from intermetallic inclusions that are the
major reason for the development of galvanic corro-
sion and thus increase the corrosion resistance of the
alloy under study in a solution mimicking the physio-
logical environment. The maximum effect is achieved
under the condition of preliminary formation of an
ultrafine-grained structure with the uniform distribu-
tion of small (<1 μm) intermetallic particles in the
bulk of the material of the blank.RIALS: APPLIED RESEARCH  Vol. 11  No. 3  2020
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